Introduction
Di abetes monitoring for protein glycation, an essential element for the long-term control of the complications of diabetes mellitus, is currently managed by a combination of daily self-monitoring of blood glucose (SMBG) measurements and physician-assessed hemoglobin A1c (A1C) levels every 3-6 months. The literature has called into question the effective utility of both those methodologies for large numbers of type 2 diabetes patients. After a brief assessment of available short-, medium-, and long-term glycemic indicators, this article reviews glycated albumin (GA) as a potential intermediate glycation index for diabetes control. Methods for the measurement of GA are summarized, accompanied by discussion of the discrepancies between the values generated by different methods. The results of a survey of endocrinologists as well as published literature provide an assessment of the degree of utility and acceptance that GA would have as a new monthly management tool for diabetes. National survey data in 1989 1 showed that only 40% of type 1 diabetes patients and 26% of type 2 diabetes patients (33% of all diabetes patients) performed SMBG testing at least once a day. Later studies have disputed the conventional wisdom of a positive link between daily blood glucose testing and improved glycemic control for type 2 diabetes patients. The 2007 Fremantle study of 1286 type 2 diabetes patients over 5 years concluded that neither SMBG testing nor its frequency was associated with glycemic benefit in type 2 diabetes patients regardless of treatment. 2 A 2006 study of nearly 3000 type 2 diabetes patients on either oral antidiabetic drugs or a restricted diet found no benefit from SMBG for metabolic control in either group (part of a study of 24,500 type 1 and type 2 patients in Germany and Austria). 3 In a 2007 study, no improvement in glycemic control was found in noninsulin treated diabetes patients, even when given training and encouragement. 4
The literature may be broken down into glycemic indicators that provide information over the long, medium, and short term. The utility of A1C as a longterm glycemic indicator that correlates levels of glycated hemoglobin in blood with blood sugar levels has been thoroughly reviewed. 5 Since most hemoglobin resides in the red blood cell, which has a half-life of approximately 120 days, the relative amount of glycated hemoglobin in a patient's blood becomes a living record of glycemia over a period of a few months. The A1C test has become a gold standard, because it has been shown to reliably predict the risk of developing diabetes-related complications. Although a recent report recommends devising a protocol to employ A1C as a screening or diagnostic tool for diabetes, it has not yet been accepted by the clinical community and official associations and societies. 6 Recent efforts addressing reference method standardization have left two areas of uncertainty about A1C as previously discussed by Jeffcoate: 7 biological variability and clinical variability. This review emphasized concern for myriad influences on erythrocyte lifespan variability and cautioned that the relationship of A1C monitoring to microvascular disease in type 2 diabetes patients is not strongly established.
Short-term indicators are no longer limited to measurements of glucose in blood, plasma, serum, or other body fluids. Serum 1,5-anhydroglucitol (1,5-AG) is a nonprotein marker for monitoring short-term glycemic control and has been used for more than a decade in Japan under the name GlycoMark™. It represents diabetic status over a 24 hr period, because it reflects glucose's competitive inhibition of 1,5-AG reabsorption in the kidney tubule. 8 In a recent study involving type 1 and type 2 diabetes patients showing good to moderate control, 1,5-AG was found to reflect postprandial glycemic excursions more robustly than either A1C or the intermediate indicator, fructosamine (FA). 9 It is not recommended for monitoring gestational diabetes, however, since renal hemodynamics are not stable during pregnancy. Another short-term marker, apolipoprotein B, is a component of low-density lipoproteins (LDLs) that becomes glycated. This protein is of special interest because of its involvement in atherogenesis. Due to the 3-5 day circulating half-life of LDLs, the glycated LDL level reflects mean glycemia over the preceding week. 10
Over the past 15-20 years, many published reports have described the measurement of serum protein indicators, specifically FA and GA, as a method to assess glycemic status over intermediate periods (2-4 weeks) that reflect the half-lives of these respective molecules in serum. Fructosamine (named for the chemical similarity to fructose) refers to the sum of all ketoamine linkages resulting from the glycation of circulating serum proteins. An assay for FA was found to be easily automated and thus relatively inexpensive to perform, and FA measurement remains popular in some countries outside the United States. A rapid test for FA was scrutinized Roohk www.journalofdst.org J Diabetes Sci Technol Vol 2, Issue 6, November 2008 describe normal GA values of 2.6% or lower, in line with the majority of reference labs. About a quarter of the reports indicate normal values in the range of 5-9% and another quarter report normal values in the range of 10-20%, the latter in line with the single enzymatic reference determination. Overall, typical diabetic GA values are 2-5 times above normal values for a given reporting method.
Throughout the literature, separation by affinity chromatography is associated with disparate normal and diabetic GA% values. Values for normal individuals range from means of 0.6 to 8.6% and values for diabetic individuals from means of 1.4 to 16.59%. In general, older reports (1980) (1981) (1982) (1983) (1984) (1985) involving affinity chromatography are associated with higher GA values than more recent reports, which suggests that lower values represent a refinement in technique. The results of boronate-affinity chromatography may be skewed because of imprecise reckoning of glycated molecules vis-à-vis binding sites on the resin. 15 This may explain the tighter reference range (0.8-1.4%) in the one commercial laboratory using affinity column chromatography without boronate ( Table 1) . This is in contrast to immunoassays using monoclonal antibodies with specificity for each molecule. Monoclonal isolation associated with ELISA as well as immunonephelemetry (turbidimetric) and gel electrophoresis with bromcresol green (BCG) produced GA% values in the lower range of reported values. 16 Criticisms of quantification of GA by thiobarbituric acid (TBA) and BCG assays have appeared in older literature. 15, 17 Less complicated colorimetric assays have replaced the TBA method, 18 including nitroblue tetrazolium 19 and 2-keto-glucose with hydrazine. 20 Refinement of BCG has progressed to the Hitachi automated BCG-dye binding analyzer, yielding results in agreement with a reported by the Food and Drug Administration in 1997, and a few clinical studies with mixed results 11-13 were reported, but the subsequent tortuous commercial path for this test has curtailed its availability in the United States, and it is no longer available as a commercial rapid diagnostic test. However, experience with FA testing has shown the potential value of an intermediate index to retrospectively evaluate changes in diet and exercise habits, to allow faster evaluation of changes in medication dosages and other control measures, and to serve as an inexpensive screening test for impaired glycemic control. 14
Methodologies of Glycated Albumin Measurement
An increasing amount of attention has been focused on the use of GA as an intermediate indicator of glycemic status. Albumin is the largest component of the plasma proteins, representing more than 80% of the total molecules and 60% of the total plasma protein concentration. Several methods are presently employed in the isolation and quantification of GA. These include (a) enzymatic assay, (b) high-performance liquid chromatography (HPLC) and affinity chromatography, (c) immunoassay, including quantification by radioimmunoassay, (d) enzyme-linked immunosorbent assay (ELISA), (e) enzyme-linked boronate immunoassay (ELBIA), (f) colorimetry, and (g) electrochemical. In the United States, only 6 out of over 50 large commercial clinical laboratories contacted perform GA testing ( Table 1) . Five of these six laboratories employ affinity chromatography and state reference values for GA in the range of 0.6-3.0%. The sixth laboratory performs an enzymatic assay with a GA reference range of 11-16%.
Nearly half the scientific and clinical reports relevant to GA measurement reviewed over the past 30 years The ELBIA method 22 generated moderately high GA values. HPLC generated the highest values, both for older methodologies, where incomplete separation may relate to sample size, 23 and for the newer enzymatic methodologies. [24] [25] [26] The latter is the basis for the Lucica GA-L Glycoalbumin assay kit. Kouzuma et al. 24 have reported good correlation between GA measurement by this assay and values obtained from HPLC. In updated versions of this assay, 25,26 quantification by bromcresol purple dye is associated with considerably lower values than those originally obtained with BCG. A further refinement of this enzymatic amino acid elimination system 26 has been targeted as a point-of-care application.
In summary, greatest uniformity in GA measurement is generally associated with immunoassay and the newer affinity chromatography methodologies typically found in United States reference laboratories.
Utility of Glycated Albumin
Cohen and Clements 16 declared that the concentration of GA in serum, with a half-life of 12-19 days, would be an excellent index of recent ambient glycemia. Albumin can be measured in the blood with fewer issues than FA and would fill the time gap between SMBG and A1C at approximately 1 month. In addition to directly measuring the effects of hyperglycemia on the most prevalent plasma protein, GA has been directly implicated as a causal factor in several major complications of diabetes, especially in nephropathy due to its interaction with receptors on mesangial cells. 27 In blockade experiments with mice, the albuminuria and mesangial expansion that are known hallmarks of diabetic nephropathy have been shown to be controlled by the interaction of GA with mesangial cell receptors, independent of the actions of hyperglycemia. In the cardiovascular system, macrophages in the artery walls can also recognize GA via specific receptors and stimulate an inflammatory response, ultimately leading to the evolution of atheroma plaques. Pu et al. 28 showed that GA levels are significantly higher in coronary artery disease (CAD) patients, and unlike A1C, GA is a significant predictor of CAD in type 2 diabetes patients. Increased GA levels in the blood have been implicated in diabetic retinopathy 29 and via the cerebrospinal fluid in Alzheimer's disease. 30 Of particular interest are recent reports involving hypothyroidism 31 and glucose oscillations, 32 where A1C failed to track the diabetic episode, but a shorter term index did.
Although GA testing may initially be viewed as adjunctive to A1C for diabetes management, immediate applications are apparent for gestational diabetes and type 2 diabetes patients. A recent clinical study comparing GA and A1C in type 2 diabetes patients over 16 weeks found that GA decreased more rapidly than A1C as glycemic control improved, and the ratio of GA to A1C was higher in the hyperglycemic state than when diabetes was well controlled. 33 These results support the utility of GA in detecting short-term changes in glycemic control, a finding supported by the recommendation that a GA test be adopted immediately for gestational diabetes. 34 and A1C measurement. The survey indicated that type 2 diabetes patients are most often asked to measure blood glucose twice (49%) or thrice (37%) daily for a total of (86%) (Figure 1) . Compliant type 2 patients on diet and medical maintenance, however, are asked to measure blood glucose twice daily (42%) and once (35%) daily, with only 11% indicating three or more times. Over 90% of respondents perform the A1C test 3-4 times per year in all diabetes patients. Sixty percent of respondents regard the A1C test as the gold standard of diabetes management, but 31% note that it is occasionally misleading and only approximately 12% encourage A1C over-the-counter (OTC) testing. Despite some obvious advantages associated with OTC and self-testing, including engendering patient empowerment, many physicians are concerned about the accuracy of OTC A1C tests.
of proteins, some of which vary rapidly and considerably during intercurrent disease, are being simultaneously assessed without the benefit of normal baseline data and a standardized relationship to total protein.
The concept of a rapid test in which the measurement of GA is compared to total albumin (glycation index: percent of GA to total albumin) from a single drop of blood was explained to the survey respondents. Over half gave a favorable response to a test for short-to-intermediate glycemic status and control. Overall, 69% thought such a test would be "very good" for tracking gestational diabetes, and only 5% indicated "not at all." When asked specifically about a GA index, 88% responded positively: 26% rated it excellent, 40% very good, and 22% good for tracking gestational diabetes. In addition, just over half of all respondents answered in the affirmative for GA monitoring geriatric patients. These patterns did not change when only the researchers-22% of survey respondents-were considered. Seventy-three percent of respondents envisioned a positive contribution for an OTC version of a rapid GA test. Included in this subtotal were 34% of the total respondents who viewed GA as complementary to A1C and fingerstick glucose and another 18% who felt it would contribute to personal empowerment. The balance of the subtotal (21% of the total) believed that an OTC version of GA would enhance diabetes management, the same percentage who recommended OTC A1C for diabetes management. Seventy-four percent recommended that diabetes patients be tested for GA, and 61% indicated an interest in participating in a focus group on the subject.
According to the responses given by endocrinologists to the Epinex survey, 13% of diabetes patients are asked to measure glucose once daily or less (Figure 1) . With the advent of a successful monthly GA test, 69% would be asked to measure glucose once or less daily (Figure 2) . This reduction of 56% from 86% to 30% in daily SMBG testing (Figure 2) indicates the potential for a very large factor in healthcare savings. While the short-term information provided by SMBG is vital to all diabetes patients and cannot be replaced by GA, it is important to consider that diabetes management over the long term should be improved by a more representative indicator of the disease processes involved. The highest percentage (52%) felt it would positively affect diabetes management largely as a complement to finger stick glucose and A1C. The remaining respondents were approximately equally divided between "fostering a sense of personal empowerment" (19%), "no contribution" (13%), and "harmful if used incorrectly" (12%).
relationship to certain types of diabetes complications such as nephropathy and CAD. With more and more studies questioning SMBG as an effective method for monitoring type 2 diabetes, GA has the potential to provide a reliable and effective alternative. It has already been recognized as an ideal marker for gestational diabetes, with potential clinical applications for diabetes patients undergoing hemodialysis and diabetes patients with CAD. An available GA rapid test as a monthly indicator of glycation could bring about a significant reduction in daily SMBG, resulting in substantial healthcare cost savings as well as an increase in patient compliance. Availability of such a test to the patient depends on reconciling the disparate results seen with various measurement methodologies. There is currently no rapid GA test for intermediate glycation available to physicians or patients. It is clear from this survey that the establishment of a GA index for diabetes care has the potential to significantly impact diabetes monitoring as an adjunct to A1C and SMBG. It may also have an impact on screening and diagnosing prediabetes or people suffering from metabolic syndrome. Reducing the number of recommended blood glucose tests in lieu of GA measurement, i.e., reducing the number of times people have to stick themselves, should increase compliance with testing and improve patient care and outcome. It also represents an enormous potential saving in healthcare cost in that the survey results support a solid economic argument regarding a shift away from more expensive glucose testing in favor of a reliable and relatively inexpensive GA test.
Conclusions
Given the expanding diabetes population, endocrinologists are increasingly recognizing the need for an intermediate glycemic indicator. A GA test has the potential to significantly impact diabetes monitoring and fulfill this need. With a turnover time in plasma of 2-3 weeks, GA provides a glycation update on a monthly basis. GA has been shown to be more accurate than the existing A1C "gold standard" for diabetes patients undergoing hemodialysis, a major segment of the diabetes population. Levels of GA have also been shown to have a substantial
